The biosynthesis of the cyanogenic glucosides, linamarin and prunasin, was investigated in linen-flax, peach and cherry-laurel shoots. It was shown that related 2-oximino acids, aldoximes, nitriles and 2-hydroxynitriles were generally good precursors of the aglycone moiety. Studies with double-labelled compounds confirmed the retention ofthe oximino nitrogen atom from 2-oximinoisovaleric acid and isobutyraldoxime in the biosynthesis of linamarin. A general pathway from amino acids to cyanogenic glucosides involving N-hydroxyamino acids, aldoximes, nitriles and 2-hydroxynitriles is proposed.
[U-14C]Isobutyraldoxime, [U-14C] isobutyraldehyde and 2-oximino[U-14C]isovalerio acid were prepared from L-[U-14C]valine as described by . [1-14C] Isobutyramide and [1_-4C]isobutyronitrile were prepared from sodium tl1-4C]isobutyrate as described by Hahlbrock et al. (1968) .
[U-14C]Phenylacetaldoxime was prepared as follows.
A solution of Img of [U-14C] phenylalanine in 0.6ml of 0.05M-potassium phosphate buffer, pH6.7, was treated with 2mg of N-bromosuccinimide and 50mg of succinimide and the mixture was shaken for 30 min at 5°C while being extracted with a total of 1 ml of diethyl ether in successive small portions. The ether extract containing [U-14C] phenylacetaldehyde was then added to 25mg of hydroxylamine hydrochloride and 30mg of NaHCO3 dissolved in 200j4 of water. The ether was removed with a stream of N2 and approx. 20mg of carrier phenylacetaldehyde added. The mixture was shaken for 40min at 5OC to precipitate [U-14C] phenylacetaldoxime, the aqueous phase was removed, and the residue dried and recrystallized twice from diethyl ether and hexane, m.p., 96.50C. The overall yield was low. The compound was shown to be radiochemically homogeneous by t.l.c.
[1-14C]Phenylacetonitrile was prepared by treating 11mg of potassium [I4C] cyanide with an excess of benzyl chloride (50,^d) dissolved in 140,u of aq. 70% (v/v) ethanol. The mixture was heated at 750C for 150min in a sealed tube and the nitrile isolated by preparative g.l.o. ).
['5N]Isobutyraldoxime was prepared from isobutyraldehyde and [15N] hydroxylamine in the presence of NaHCO3 solution. The oxime was extracted into diethyl ether and purified by preparative g.l.c. ["sN]2-Oximinoisovaleric acid was prepared in a similar manner (Ahmad & Spenser, 1961) (Coop, 1940) .
Plant material. Linen-flax seeds, variety Redwood, were germinated on moist cotton wool at 25°C in darkness for 4 days followed by 18h exposure to artificial light (Butler & Conn, 1964) . The top 2.5-3cm portion of the shoots was cut under water to exclude air from the vascular system.
Cherry-laurel and peach shoots were selected with three or four expanding leaves.
Administration of labelled compounds. Compounds were administered to shoots in water or tris buffer and the shoots allowed to take up all the solution, followed by water as required. In certain cases where volatile compounds were adiiiinistered, the shoots were enclosed in transparent vessels.
Flax shoots were generally used in lots of 20 and allowed 7h to assimilate the compounds from 200,ut of solution, under continuous artificial light of 20000 lux from both fluorescent and incandescent sources. Where "5N-labelled compounds were administered, 160 seedling shoots were exposed in each treatment for 9h with appropriately larger volumes of solution. Peach and cherry-laurel shoots were used in lots of two, three or four and the administered compounds dissolved in 0.2-0.6 ml of solution. Some experiments with the peach and cherry-laurel shoots were of 44 h duration starting at midday with exposure to artificial light of 20 000 lux from mixed sources for 9 h followed successively by 6h darkness, 18h light, 6h darkness and 5h light. In other experiments the shoots were exposed to the artificial light continuously for 28 h.
Extraction. In general, linen-flax shoots were extracted twice in 25 ml or more of aq. 80% (v/v) ethanol by boiling for 15 or 20min. Cherry-laurel and peach shoots were blended with appropriately larger volumes of 80% (v/v) ethanol. The combined extracts were concentrated under reduced pressure and dissolved in small volumes of water or aq. 20% (v/v) propanol and stored at -10°C.
Chromatography. All ethanolic extracts were examined by one-or two-dimensional chromatography either on Whatman 3MM paper or on thin layers of cellulose or on mixtures of cellulose and silica gel H (Bieleski & Turner, 1966) . Solvents used were butanone-acetone-water (15: 5: 3, by vol.), propanol-water (7: 3, v/v) , and butan-lol saturated with water. Radioactive spots or zones were detected by radioautography or by scanning strips with radiochromatogram scanners. Cyanogenic glucosides were detected by enzymic release of HCN which catalyses the formation of a blue dye from p-nitrobenzaldehyde and o-dinitrobenzene under slightly alkaline conditions (Bennett & Tapper, 1968 ).
Analy8is of cyanogenic glucosides. Linamarin was purified by paper chromatography or t.l.c. before analysis. Enzymic hydrolysis was carried out in small flasks fitted with centre wells. The linamarin dissolved in approx. 1 ml of 0.25M-sodium phosphate buffer, pH5.9, was hydrolysed with 0.5-1 ml of linamarase solution by shaking for at least 24h at 300C. The HCN produced by hydrolysis was absorbed in 0.5 ml of 1 M-NaOH in the centre wells and portions were analysed for cyanide (Aldridge, 1944) . The specific radioactivity of linamarin was then calculated on the basis of the total radioactivity in linamarin and the amount of HCN produced by hydrolysis. Radioactivity was measured by liquid-scintillation counting.
As paper chromatography gave no evidence for any cyanogenic glycoside other than prunasin in the peach and cherry-laurel extracts, no preliminary separation was required. Portions of the extracts dissolved in sodium phosphate buffer, pH5.9, were treated in small flasks with 1mg of ,-glucosidase, together with 125,tg of chloramphenicol to prevent bacterial growth during the hydrolysis.
Benzaldehyde liberated from prunasin was trapped as the semicarbazone in centre wells containing 0.5 ml of 15% (w/v) semicarbazide hydrochloride and the HCN was trapped in cups suspended from the stoppers containing 0.5 ml of 1 M-NaOH. The flasks were shaken at 300C for 48 h. The benzaldehyde semicarbazone was recrystallized two or three times from ethanol and the u.v. spectrum in ethanol was used to confirm the purity and determine the amount from the peak absorption at 283nm. Both the quantity and the radioactivity of the liberated cyanide was measured. Two checks with recrystallized prunasin showed 95 and 98% recovery of HCN by this method.
The 15N analysis was performed by mass spectrometry (Sprinson & Rittenberg, 1949 (Conn & Butler, 1969 Conver8ion of 14C-labelled compounds into pfrunasin. Results similar to those described above were obtained with cherry-laurel and peach shoots. These results are given in Tables 3 and 4 respectively and show that phenylacetaldoxime, 2-oximino-3-phenylpropionic acid and phenylacetonitrile were all better precursors of prunasin than L-phenylalanine, as demonstrated by the higher percentage of the compounds converted into prunasin and the lower dilution of 14C. Again a non-enzymic conversion of 2-oximino-3-phenylpropionic acid into phenylacetonitrile was possible in its incorporation into prunasm.
Ifthe L-[U-14C]phenylalanine and [U-14C]phenyl-
acetaldoxime were converted into prunasin without any cleavage of the phenyl ring from the side chain then the ratio of specific radioactivities of the recovered benzaldehyde and hydrogen cyanide should have been 7: 1. The appropriate ratios in Tables 3  and 4 were considered to lie within the experimental error of 7, and therefore retention of the side chain was confirmed.
[l-14C]Phenylacethydroxamic acid was not an effective precursor of prunasin, thereby indicating that the formation of cyanogenic glycosides by rearrangement and glycosylation of hydroxamic acids was most unlikely. Table 3 show that hydrogen cyanide was incorporated into the nitrile moiety of prunasin to the small but significant extent of 4.0% of the amount administered. In the mandelonitrile experiment where the buffered [14C]cyanide solution was given prior treatment with an excess of benzaldehyde the incorporation of radioactivity was increased to 6.5%. The very low specific radioactivity of the benzaldehyde from prunasin indicated that little randomization of label had occurred. 
DISCUSSION
The results obtained from the experiments with linen-flax seedlings, peach shoots and cherry-laurel shoots, together with the findings of Kindl & Underhill (1968) , support a general pathway of cyanogenic glycoside biosynthesis involving a sequence of reactions from amino acids through aldoximes, nitriles and 2-hydroxynitriles, as illustrated in Scheme 1. The experiments with linen-flax shoots and peach and cherry-laurel shoots demonstrated that suitable aldoximes, isobutyraldoxime and phenylacetaldoxime respectively, may be converted into cyanogenic glucosides. Isobutyraldoxime was converted into linamarin with the C-N bond intact, as would be expected if this compound is an intermediate derived from L-valine. Similarly, isobutyronitrile and phenylacetonitrile were significantly incorporated into linamarin and prunasin respectively.
Although neither isobutyronitrile nor isobutyraldoxime were incorporated to a much greater extent than L-vahne during the experiments, both were incorporated sufficiently to implicate them as intermediates. Factors that could decrease their incorporation were their volatility and possible toxic effect when administered. Both compounds are lipophilic and could well have a disruptive effect on cell membranes and organelles at the administered concentrations.
The relatively high incorporation of 2-oximinoisovaleric acid and 2-oximino-3-phenylpropionic acid into linamarin and prunasin respectively is noteworthy. These compounds are not considered intermediates in the biosynthesis of structurally related glucosinolates (Kindl & Underhill, 1968; although aldoximes, which are intermediates of glucosinolate biosynthesis, could in theory be derived from them by decarboxylation. It is reasonable to suppose that the observed incorporation of 2-oximino acids was via the nitriles. The non-enzymic conversion of a range of 2-oximino acids into nitriles has been reported (Ahmad & Spenser, 1961) . The status of 2-oximino acids as intermediates in cyanogenic glycoside biosynthesis must therefore remain uncertain until evidence for a conversion into aldoximes is obtained or until the presence of enzymes for their formation and utilization is demonstrated.
With linen flax, good evidence was obtained to suggest that 2-hydroxyisobutyronitrile was also an intermediate. Confirmatory evidence has come from other experiments (Hahlbrock et al. 1968) .
Results for incorporation of DL-mandelonitrile were less definitive. A notable feature was the significant incorporation of radioactivity from hydrogen cyanide into prunasin. This is attributed to a reaction between benzaldehyde derived from prunasin in the tissue and the administered hydrogen cyanide yielding a limited amount of labelled mandelonitrile. The labelled mandelonitrile could then be converted into prunasin without an overall net synthesis of prunasin. Experimental precedent for hydroxylation of the amino acid as a first step has come from studies on the biosynthesis of the antibiotic hadacin (Stevens & Emery, 1966) . It was shown that this hydroxamic acid derivative was formed by N-hydroxyglycine and a formyl donor and that N-hydroxyglycine could be obtained from glycine. Similarly Kindl & Underhill (1968) have indirect evidence for Nhydroxyphenylalanine formation in cell-free preparations of Tropaeolum maju8 L. This compound was shown to be converted into phenylacetaldoximne.
The final step in the biosynthesis of linamarin or prunasin and several closely related cyanogenic glucosides is probably the transfer of glucose to a 2-hydroxynitrile from a nucleoside 5'-diphospho-Dglucose by a mechanism of the general type for formation of glycosidic bonds. An enzyme capable of producing lin.marin from UDP-glucose and 2-hydroxyisobutyronitrile has been purified from flax and its specificity studied (Hahlbrock & Conn, 1970) .
Confirmation of the postulated intermediate roles of aldoximes, nitriles and 2-hydroxynitriles awaits the demonstration of the formation of the compounds in vivo and the characterization of specific enzymes for each reaction.
